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RESEARCH ARTICLE
Alterations in the balance of tubulin glycylation and glutamylation
in photoreceptors leads to retinal degeneration
Montserrat Bosch Grau1,2,*,**, Christel Masson3,**, Sudarshan Gadadhar1,2, Cecilia Rocha1,2,‡, Olivia Tort1,2,§,
Patricia Marques Sousa1,2,¶, Sophie Vacher4, Ivan Bieche4,5 and Carsten Janke1,2,‡‡
ABSTRACT
Tubulin is subject to a wide variety of posttranslational modifications,
which, as part of the tubulin code, are involved in the regulation of
microtubule functions. Glycylation has so far predominantly been
found in motile cilia and flagella, and absence of this modification
leads to ciliary disassembly. Here, we demonstrate that the correct
functioning of connecting cilia of photoreceptors, which are non-
motile sensory cilia, is also dependent on glycylation. In contrast to
many other tissues, only one glycylase, TTLL3, is expressed in retina.
Ttll3−/− mice lack glycylation in photoreceptors, which results in
shortening of connecting cilia and slow retinal degeneration.
Moreover, absence of glycylation results in increased levels of
tubulin glutamylation in photoreceptors, and inversely, the
hyperglutamylation observed in the Purkinje cell degeneration
(pcd) mouse abolishes glycylation. This suggests that both
posttranslational modifications compete for modification sites, and
that unbalancing the glutamylation–glycylation equilibrium on
axonemes of connecting cilia, regardless of the enzymatic
mechanism, invariably leads to retinal degeneration.
KEY WORDS: Tubulin, Microtubule, Glutamylation, Glycylation,
TTLL3, Retina, Photoreceptor, Connecting cilia
INTRODUCTION
Posttranslational modifications (PTMs) are essential modulators of
protein functions. In the case of the cytoskeleton, microtubules
(MTs) have been demonstrated to carry a panoply of different PTMs,
some of which are referred to as ‘tubulin PTMs’ because they are
particularly enriched on tubulin (reviewed in Janke, 2014). The best-
characterized PTMs of tubulin are acetylation (of lysine 40 of
α-tubulin; L’Hernault and Rosenbaum, 1985; Piperno et al., 1987),
enzymatic detyrosination and re-tyrosination of α-tubulin (Arce
et al., 1975; Hallak et al., 1977), and the posttranslational addition of
glutamate and glycine chains to both, α- and β-tubulin, referred to as
polyglutamylation (Eddé et al., 1990) and polyglycylation (Redeker
et al., 1994). Most of these PTMs accumulate on long-lived,
functionally specialized MTs (Cambray-Deakin and Burgoyne,
1987; Schulze et al., 1987), and are consequently enriched on the
axonemes of cilia and flagella (Mary et al., 1996, 1997), on
centrioles of the centrosome and the basal bodies (Bobinnec et al.,
1998) and on neuronal MTs (Audebert et al., 1993, 1994). Despite
their general abundance on stable MT assemblies, each PTM is
expected to fulfil specific functions in the regulation of the MT
cytoskeleton. The functional characterization of tubulin PTMs is an
emerging field that has been strongly advanced by the discovery of
many of the enzymes involved in tubulin acetylation (Akella et al.,
2010; Shida et al., 2010), tyrosination (Ersfeld et al., 1993),
polyglutamylation (Ikegami et al., 2006; Janke et al., 2005; Kimura
et al., 2010; Rogowski et al., 2010; Tort et al., 2014; van Dijk et al.,
2007) and polyglycylation (Ikegami and Setou, 2009; Rogowski
et al., 2009; Wloga et al., 2009).
In the current study, we investigate the functions of a still barely
understood PTM of MTs, glycylation, in the mouse retina, with a
specific focus on the photoreceptors. Glycylation is, similar to
glutamylation, generated by enzymes of the tubulin tyrosine ligase-
like (TTLL) family (Janke et al., 2005; Rogowski et al., 2009; van Dijk
et al., 2007;Wloga et al., 2009). So far no reverse enzyme (deglycylase)
has been found for this PTM, while deglutamylases have been
identified as members of a family of cytosolic carboxy peptidases
(CCP; Kimura et al., 2010; Rogowski et al., 2010; Tort et al., 2014).
The discovery of these enzymes has already allowed a number of
functional studies, which have provided first insights into the
functions of glutamylation and glycylation. For instance, we have
shown that the balance between glutamylation and deglutamylation
is essential for the survival of neurons (Rogowski et al., 2010). The
mutation of CCP1 (also known as AGTPBP1), a key deglutamylase,
leads to compromised deglutamylation in a mouse model for
Purkinje cell degeneration ( pcd; Mullen et al., 1976), which results
in hyperglutamylation and neurodegeneration of the affected
neurons (Rogowski et al., 2010). MT glutamylation and
glycylation are particularly important in cilia and flagella. Both
PTMs are strongly enriched on the MT core structure of these
organelles, the axoneme (Bré et al., 1996). Observations in a variety
of model organisms suggest that in motile cilia or flagella,
glutamylation controls the beating behaviour of these organelles
(Bosch Grau et al., 2013; Ikegami et al., 2010; Janke et al., 2005;
Kubo et al., 2010; Pathak et al., 2011; Suryavanshi et al., 2010). The
above-mentioned pcd mouse for instance, which accumulates
pathological levels of polyglutamylation, is male-sterile due to
dysfunctions of the sperm flagellum (Handel and Dawson, 1981).
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melanogaster testes leads to a progressive disassembly of the sperm
axonemes (Rogowski et al., 2009), and knockout or RNAi-mediated
depletion of the two mammalian glycylases TTLL3 and TTLL8 in
mouse ependymal cells (Bosch Grau et al., 2013) leads to ciliary
disassembly. Even primary cilia, which appear to be much less
glycylated than motile cilia, require glycylation to function correctly
(Rocha et al., 2014). It thus seems that there are selective functions
for both PTMs in cilia; glycylation is regulating the stability of the
MT assembly, while glutamylation might regulate the motor
proteins that interact with the axoneme, thus controlling the
ciliary beating and/or the intraflagellar transport (IFT; Broekhuis
et al., 2013).
A functionally highly specialized type of cilium is found in the
photoreceptor cells of the eye retina. In mouse, cone photoreceptors
develop between embryonic day (E)11.5 and E18, whereas rod
photoreceptor cells, which constitute 97% of all photoreceptor cells
in the adult retina, differentiate only after birth (LaVail, 1973;
Morrow et al., 1998). In mice, the rod outer segment elongates at a
rapid and almost linear rate from postnatal day (P)11 to P17,
reaching its final length by P19–P25 (LaVail, 1973). A unique
bridge – the connecting cilium – connects outer and inner segments
of photoreceptor cells.
Here, we investigate the link between photoreceptor development
and the dynamics of polyglycylation and polyglutamylation in the
photoreceptor connecting cilia. Using a knockout mouse model for
the glycylase TTLL3, we demonstrate that changes in the levels of
glycylation lead to hyperglutamylation, followed by progressive
degeneration of the photoreceptors. This situation is comparable to
that of the pcd mouse model, which has earlier been shown to
develop retinal degeneration (Blanks et al., 1982; Blanks and Spee,
1992; LaVail et al., 1982). Our data demonstrate that both
glycylation and glutamylation are enriched at the photoreceptor
connecting cilium, and that they influence each other. Their strict
control appears to be essential for the maintenance and survival of
photoreceptors, and deregulation of either of these PTMs leads to
retinal degeneration.
RESULTS
A differential timing of tubulin glycylation and glutamylation
during photoreceptor development
To determine the dynamics of tubulin glycylation and glutamylation
during postnatal development and maturation, we characterized
mouse retina by immunohistochemistry with an antibody specific
for glycylation (TAP952; Bré et al., 1996), or with the glutamylation
marker GT335 (Wolff et al., 1992). Mouse retinas dissected and
fixed at P1, P6, P10, P15 and P60 were immunostained either with
TAP952 or with GT335, and co-stained with a marker for basal
bodies and connecting cilia (pan-centrin 20H5; Giessl et al., 2004;
Sanders and Salisbury, 1994; Trojan et al., 2008) and for tubulin
(C105, specific to β-tubulin; Arevalo et al., 1990).
Starting from P1 (before the development of the outer segment)
and throughout photoreceptor development, the glutamylation-
specific antibody GT335 selectively labelled structures that were
also labelled with the centrin marker. While in P1 these structures
are most likely the centrioles, they are considered as the connecting
cilia from P6 onwards (Fig. 1A). Glutamylation was also detected at
the inner segments (Fig. 1A) in all stages of development, but was,
however, much weaker than the strong labelling of the connecting
cilia.
Glycylation (TAP952 labelling), on the other hand, was absent
from immature photoreceptors at P1 (Fig. 1B,C), and was first
detected at P6, before the outgrowth of the outer segments, in some,
but not all, centrin-positive structures. In later stages, especially
after P10, which marks the starting point for the rapid elongation of
the outer segment, all connecting cilia, as well as the proximal part
of the outer segments were labelled with TAP952 (Fig. 1B,C). In
contrast to glutamylation, glycylation was absent from other cellular
MT structures in the photoreceptor. This pattern of TAP952
labelling persisted throughout all stages of development.
Thus, the glutamylation of photoreceptor connecting cilia is
generated concomitantly with their assembly, and glutamylation
also might occur in basal bodies (Fig. 1D), whereas glycylation is
gradually generated with the assembly of the connecting cilia, and is
fully established after the elongation of the outer segments.
TTLL3 is the sole initiating glycylase enzyme expressed in
mouse retina
Glutamylation and glycylation are both catalysed by enzymes from
the TTLL family. Nine glutamylases have been identified in
mammals (van Dijk et al., 2007), whereas only three glycylases
exist. Two of them, TTLL3 and TTLL8, catalyse the initial addition
of glycine residues to tubulin, whereas TTLL10 uniquely elongates
preformed glycine side chains on tubulin (Rogowski et al., 2009).
Thus, TTLL3 and/or TTLL8 are essential to initiate tubulin
glycylation, and absence of both enzymes is expected to lead to
complete loss of tubulin glycylation. To determine which of these
two enzymes is expressed in retina, we performed reverse
transcription followed by quantitative real-time PCR (qRT-PCR)
at a range of developmental stages (P0 to 1-year-old mice).
Strikingly, expression of only one initiating glycylase, TTLL3 was
detectable in retina at all developmental stages analysed (Fig. S1).
Increased TTLL3 expression during retina development is coherent
with the observed increase of glycylation during retina maturation
(Fig. 1B). Thus, glycylation observed in photoreceptor cells is most
likely generated by TTLL3 alone. The expression of TTLL3 in the
retina was further confirmed by in situ hybridization, where strong
hybridization signals were obtained in the photoreceptor cells
(Fig. S2).
Absence of tubulin glycylation leads to hyperglutamylation
in photoreceptor cells
As glycylation in the mouse retina is catalysed exclusively by
TTLL3, we investigated the role of this PTM in our TTLL3-
knockout (Ttll3−/−) mouse (Bosch Grau et al., 2013; Rocha et al.,
2014). We first confirmed the absence of TTLL3 expression in
retina of Ttll3−/− mice at different developmental stages, and
demonstrated that TTLL8 expression remained virtually
undetectable, similar to in the wild-type situation (Fig. S1). This
indicates that TTLL8 is not upregulated to compensate for the lack
of TTLL3. The absence of both glycylases should lead to a total
absence of glycylation in the photoreceptors, which we confirmed
by immunohistochemistry with TAP952. In Ttll3−/− retinas, no
TAP952 staining was detected in photoreceptors of 5-week- and 4-
month-old mice (Fig. S3A), whereas the connecting cilia were
strongly labelled in comparable control retinas (Fig. 1B).
Previous work had indicated that tubulin glutamylation and
glycylation affect each other, as both modifications use similar
modification sites on the tubulin C-terminal tails (Rogowski et al.,
2009; Wloga et al., 2009). To investigate whether the absence of
glycylation in the Ttll3−/− retina leads to altered levels of tubulin
glutamylation in photoreceptor cells, we analysed retina sections
from P15, 5-week-old, 4- and 12-month-old wild-type and Ttll3−/−
mice with the antibodies GT335 for tubulin glutamylation (Wolff
et al., 1992), or for polyglutamylation (denoted polyE) (Magiera
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and Janke, 2013; Rogowski et al., 2010; Shang et al., 2002; Wloga
et al., 2008). An antibody for β-tubulin (C105) was used to co-stain
the MT network, and a pan-centrin antibody (20H5) to specifically
visualize connecting cilia and basal bodies (Fig. 2).
We then measured the intensity of GT335 and polyE staining
using ImageJ (Fig. 3), and quantified labelling intensities of all
MTs of the photoreceptor cells (Fig. 2), including MTs in the
inner segment, the connecting cilium and the basal body
(Fig. 1D). In 5-week-old retinas, the GT335 labelling was
increased threefold in Ttll3−/− mice as compared to controls
(Figs 2A and 3A), while the polyE signal was not significantly
increased (Figs 2B and 3B). After 4 months, however, the polyE
signal of the connecting cilia was increased threefold in Ttll3−/−
retinas (Figs 2B and 3B). This indicates that the absence of
glycylation indeed allows hyperglutamylation of the MTs in
photoreceptor cells. The generation of long glutamate chains takes
place progressively, and longer glutamate chains accumulate only
after several months, whereas shorter glutamate side chains have
already accumulated during the early photoreceptor development
in Ttll3−/− mice.
Fig. 1. Glutamylation and glycylation in developing photoreceptors. (A) Co-immunostaining of wild-type retina sections at different postnatal ages with pan-
centrin antibody (20H5; green), β-tubulin (C105; cyan) and anti-glutamylation GT335 (red). Nuclei are visualized with DAPI (blue). Glutamylated tubulin is present
in the connecting cilium (defined by centrin; 20H5 staining) from the onset of ciliogenesis at P1. (B) Immunostaining as in A with the red channel showing
glycylation (TAP952). Glycylation is absent from immature photoreceptors (P1), begins to appear in some of the nascent connecting cilia at P6, and is present in
all connecting cilia from P15 onwards. nbl, neuroblastic layer; is, inner segment; os, outer segment; onl, outer nuclear layer. (C) Zoom (5×) from merged images
fromP60 fromA and B. Note that both glutamylation and glycylation signals colocalizewith the centrin staining. (D) Schematic representation of the distributions of
PTMs in mature photoreceptor cell. Scale bars: 5 µm.
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Fig. 2. Absence of glycylation leads
to increase in glutamylation in
photoreceptors of Ttll3−/− mice.
(A) Co-immunostaining of retina
sections from control and Ttll3−/− mice
at different postnatal ages with pan-
centrin antibody (20H5; green),
β-tubulin (C105; cyan) and anti-
glutamylation GT335 (red). Nuclei are
visualized with DAPI (blue). The GT335
labelling becomes stronger in theTtll3−/−
mouse as compared to control starting
from 5 weeks. A zoom of the boxed
regions (12 months) is shown in
Fig. 3C. (B) Immunostaining as in A;
the red channel representing
polyglutamylation (polyE), and tubulin
labelled with DM1A. The polyE labelling
becomes stronger in Ttll3−/− mouse as
compared to control only after
4 months. is, inner segment; os, outer
segment; onl, outer nuclear layer. Scale
bars: 5 µm.
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The observed increase of glutamylation in Ttll3−/− retinas is not
due to changes in the expression of glutamylating and/or
deglutamylating enzymes, as we quantified expression levels of
all known enzymes at different developmental stages, and none of
them showed significantly altered expression levels in Ttll3−/−
versus wild-type retinas (Fig. S1). We further verified the
glycylation and glutamylation status of the retinitis pigmentosa
GTPase regulator (RPGR), which is modified by the glutamylase
TTLL5, and had been shown to be at the origin of retinal
degeneration in Ttll5−/− mice (Sun et al., 2016). In retina extracts
from control and Ttll3−/− mice, an ∼250 kDa strongly GT335-
positive protein was detected; however, no protein of this size was
detected with TAP952 (Fig. S3B). This indicates that this protein,
most likely RPGR, is not glycylated, and its glutamylation levels are
not altered in the absence of TTLL3. Thus, the lack of tubulin
glycylation in Ttll3−/− mice mostly affects the tubulin in the
photoreceptor cells, and causes progressive hyperglutamylation due
to liberation of modification sites.
Glycylation controls the length and functionality of
photoreceptor connecting cilia
To determine the role of tubulin glycylation on photoreceptor
axonemes, we measured the length of the connecting cilia at distinct
postnatal stages. We used the immunohistochemical analysis in
which we had labelled the connecting cilium with the antibody
20H5 in retina sections at P15, 5-week, 4- and 12-month-old mice
(Fig. 2) for these analyses. The length of the axoneme of connecting
cilia was determined by measuring the centrin (20H5) labelling,
which in photoreceptors shows a specific labelling of the
connecting cilia (Giessl et al., 2004; Trojan et al., 2008). Control
staining to ensure the correct orientation of the retina sections during
length measurements were performed (Fig. S4A).
While in retinas from young mice (P15, 5-week-old) no obvious
difference was determined, the connecting cilia were 17.2% shorter
in 4-month-old, and 43.2% in 12-month-old Ttll3−/− mice as
compared to the wild-type controls (Fig. 3C,D). Thus, the
shortening of connecting cilia in photoreceptors lacking
glycylation is a progressive process that occurs concomitantly
with the increase of tubulin polyglutamylation in these cells (polyE
labelling in Fig. 2B). Strikingly, despite the shortening of the
connecting cilia, the size of the outer segments remained apparently
unaltered up to 14 months (Fig. S4A).
Retina lacking glycylation shows signs of progressive
photoreceptor degeneration
As shortening of connecting cilia could be a sign of retinal
degeneration (Karlstetter et al., 2014), we analysed retinas of
Ttll3−/− mice for signs of degeneration. First, we determined the
distribution of rhodopsin in retina sections of 12-month-old mice. In
control retinas, rhodopsin was exclusively localized within the
photoreceptor outer segments. In contrast, ectopic rhodopsin
labelling was present at the nuclear layer of the photoreceptor cells
of Ttll3−/−mice (Fig. 4A), which is indicative of degeneration of the
affected photoreceptors (Alfinito and Townes-Anderson, 2002).
Another marker for photoreceptor degeneration is the induction of
retinal reactive gliosis in Müller cells and astrocytes as a result of
increased stress in the retina (Honjo et al., 2000; Iandiev et al., 2006),
which can be visualized by staining for the glial fibrillary acidic
protein (GFAP). Indeed, we found a strong increase in GFAP
labelling in retinas of 12-month-old Ttll3−/− mice as compared to
controls (Fig. 4B). Finally, we performed terminal deoxynucleotidyl
transferase dUTP nick-end-labelling (TUNEL) analyses on 4- and
Fig. 3. Quantification of glutamylation and connecting-cilia length in
Ttll3−/− retinas. Fluorescence intensities of (A) GT335 and (B) polyE labelling
of the photoreceptor cell layer (as shown in Fig. 2) were quantified from
maximum projection stacks using ImageJ. Square ROIs including inner and
outer segments of photoreceptors were defined, and the mean values of the
ROI in the GT335 channel were determined for each image. (C) Zoomed view
of boxed region in Fig. 2A. (D) The length of the connecting cilium was
quantified on image stacks taken fromwhole-mount retina preparations stained
with anti-centrin (20H5; as shown in C), using the ObjectJ plugin from ImageJ,
on P15, 5-week-old, and 4- and 12-month-old animals. All panels show
mean±s.e.m. obtained from three independent animals per time point
analysed. *P<0.05, **P<0.01, ***P<0.001 (multiple comparisons were
performed by Student’s t-test).
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Fig. 4. Rhodopsin mislocalization, glia
activation and apoptosis in Ttll3−/− retinas.
Immunofluorescence analyses were performed
with different markers of retinal degeneration on
sections of the medial area of the retinas of 12-
or 14-month-old control and Ttll3−/− mice.
(A) Rhodopsin was labelled with anti-rhodopsin
antibody (red). Note that rhodopsin staining is
only found in the outer nuclear layer in Ttll3−/−
retinas (arrowheads). (B) GFAP staining (green)
was used to visualize activation of Müller glia
cells. Note the strong GFAP staining in Ttll3−/−
retinas. (C) TUNEL staining (yellow) to detect
apoptosis in the photoreceptor cell layer. Note
the strongly increased labelling in Ttll3−/−
retinas. Nuclei in all panels are stained with
DAPI (blue). is, inner segment; os, outer
segment. Scale bars: 50 µm.
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14-month-old retina sections from Ttll3−/− and control mice to detect
apoptosis. While no differences were seen at 4 months (data not
shown), many TUNEL-positive cells were detected in 14-month-old
Ttll3−/− retinas specifically at the photoreceptor cell layer (Fig. 4C).
Thus, retinas of Ttll3−/− mice are positive for three independent
markers of photoreceptor degeneration, which strongly suggests that
the loss of tubulin glycylation and the resulting defects in
connecting cilia lead to retinal degeneration in older mice. Indeed,
the outer nuclear layer of the retina becomes visibly thinner in
16-month-old Ttll3−/− mice (Fig. S4B).
Hyperglutamylation in pcdmice reproduces the Ttll3−/−
phenotype
The Purkinje cell degeneration ( pcd3J) mouse (Mullen et al., 1976)
carries a mutation in the AGTPBP1 gene (Fernandez-Gonzalez
et al., 2002) that encodes CCP1, a deglutamylase enzyme
(Rogowski et al., 2010). The pcd3J mutation leads to a loss of
CCP1 expression, resulting in hyperglutamylation in some brain
regions, notably in the cerebellum, where massive
neurodegeneration takes place. Strikingly, pcd mice also show
progressive degeneration of photoreceptors, which starts at P15,
when the first pyknotic nuclei can be observed in photoreceptors.
Between 3 and 5 weeks of age, 50% of the photoreceptors are lost,
and degeneration is complete after 1 year (Blanks et al., 1982;
Chang et al., 2002; LaVail et al., 1982; Mullen and LaVail, 1975).
To compare the status of tubulin PTMs in pcd and Ttll3−/− mice,
we analysed tubulin glycylation and glutamylation in the retina of
the pcd mice. At P19, before the onset of photoreceptor
degeneration, tubulin glutamylation in the photoreceptors of pcd
mice was similar to that in control, and connecting cilia were
glycylated as in control (Fig. 5A). In contrast, at P30, when
degeneration is observed in pcd mice retinas (Chang et al., 2002),
polyglutamylation levels were strongly increased, while the
glycylation had disappeared from the connecting cilia (Fig. 5B).
In addition, connecting cilia were 36.4% shorter in P30 pcd mice
than in wild-type controls (Fig. 5C,D).
These results show that a balance between polyglutamylation and
glycylation at the axonemes of the connecting cilia is essential for the
maintenance of this particular part of photoreceptor cilia, and
perturbing this balance towards hyperglutamylation invariably leads
to photoreceptor degeneration. In pcd mice, hyperglutamylation
accumulates much faster than in Ttll3−/− mice and consequently the
process of photoreceptor degeneration, as measured by the shortening
of the connecting cilia, is accelerated in the pcd mice. This suggests
that the degree of deregulation of tubulin PTMs in photoreceptor
connecting cilia correlates with the severity of retinal degeneration.
Alternatively, other MTs in the photoreceptor cells, as well as other
proteins important for photoreceptor function (Sun et al., 2016) might
be hyperglutamylated in the pcd mice, thus accelerating the
degenerative process.
DISCUSSION
Despite their great functional diversity, all cilia and flagella of
eukaryotes are built of a highly conserved structural backbone, the
axoneme. Axonemes, which are assembled from nine MT doublets,
are essential for the mechanic and structural integrity of cilia, and
are the railroads for IFT (Hao and Scholey, 2009). Axonemal
tubulin is particularly rich in tubulin PTMs (reviewed in Konno
et al., 2012), suggesting an important role for these modifications in
ciliary assembly, maintenance and function. Glycylation and
glutamylation are highly enriched in cilia and flagella of most
eukaryotic organisms studied so far. Glycylation, which has
exclusively been found on axonemal MTs, was shown to be
important for ciliary integrity, as depletion of this PTM in different
model organisms led to disassembly of motile cilia or flagella
(Bosch Grau et al., 2013; Rogowski et al., 2009;Wloga et al., 2009).
Polyglutamylation, on the other hand, regulates ciliary beating by
controlling axonemal dynein motors (Bosch Grau et al., 2013;
Ikegami et al., 2010; Kubo et al., 2010; Suryavanshi et al., 2010).
Glutamylation can also be involved in length-control of cilia, as
Chlamydomonas mutants lacking TTLL9 have a reduced rate of
axoneme shortening (Kubo et al., 2015), while excessive levels of
TTLL6 lead to ciliary shortening in Tetrahymena (Wloga et al.,
2010). Furthermore, glutamylation is also implicated in the control
of IFT. In C. elegans, strains lacking the deglutamylase CCPP-1
show aberrant velocity and localization of two ciliary kinesins
OSM-3 and KLP-6 (O’Hagan et al., 2011), and lack of DYF-1 also
leads to a loss of OSM-3 motility (Ou et al., 2005). DYF-1 is the
homolog of the zebrafish protein fleer, an IFT core complex B
protein with a strong impact on glutamylation and glycylation in
cilia (Pathak et al., 2007). Strikingly, the severity of the ciliary
phenotypes depended on the co-depletion of glutamylation and
glycylation in the fleer mutant, as the knockdown of either the
ciliary glutamylase TTLL6 or the glycylase TTLL3 alone resulted in
less-defective cilia. This indicates that both PTMs can cooperate in
maintaining ciliary structure and function (Pathak et al., 2011).
Vertebrate photoreceptors contain one of the most specialized
forms of cilia. These modified sensory cilia consist of a connecting
cilium between the inner and the outer segment of the photoreceptor
cell (Fig. 1D), which represents an extended version of the transition
zone found in all primary cilia (Anand and Khanna, 2012; Reiter
et al., 2012). While primary cilia are slender organelles that protrude
from the cell surface, connecting cilia provide a unique link between
the cell body of the photoreceptor, where the entire protein synthesis
machinery is localized, with the light-sensing outer segment, which
is devoid of protein synthesis (Wensel et al., 2016). Considering the
sheer size of the outer segment, it appears that among all different
variants of cilia, the connecting cilia of photoreceptors might be the
cilia with the single most solicited IFT machinery (Wright et al.,
2010). On the other hand, photoreceptors are tightly packed into the
tissue of the retina, thus the connecting cilia might, in contrast to
other cilia, experience little external mechanical stress.
Similar to in the motile ependymal cilia (Bosch Grau et al., 2013),
glutamylation in connecting cilia is concomitantly generated with
the cilia, whereas glycylation appears with a short delay. This was
strongly indicative of a functional conservation of glycylation
between motile and photoreceptor connecting cilia. We had
previously shown that the two initiating glycylases, TTLL3 and
TTLL8, are redundant in generating glycylation (Bosch Grau et al.,
2013; Rogowski et al., 2009). As only TTLL3 was expressed in
photoreceptors – a rare physiological situation previously only
observed in colon (Rocha et al., 2014) – glycylation was entirely
absent from connecting cilia of Ttll3−/− mice. However, in contrast
to the motile cilia (Bosch Grau et al., 2013), connecting cilia did not
disassemble in the absence of glycylation, most likely due to the
absence of mechanical stress in an intact retina. Nevertheless, in
older mice connecting cilia become shorter, which is indicative of
progressive, but very slow disassembly of the axonemes. This
strengthens the hypothesis that glycylation is involved in
mechanically stabilizing axonemes, and shows that this function
is not restricted to motile cilia.
Polyglutamylation increases concomitantly with the absence of
glycylation, which makes it hard to determine which of the two
PTMs is primarily responsible for the observed phenotypes. A
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Fig. 5. See next page for legend.
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competition of these two tubulin PTMs has been reported before
(Rogowski et al., 2009; Wloga et al., 2009), and is most likely
related to the use of identical modification sites on tubulin. In the
pcd mouse, hyperglutamylation leads to a complete loss of
glycylation; however, hyperglutamylation accumulates much
faster than in the Ttll3−/− mice, and accordingly, the connecting
cilia become shorter at earlier time points. This might explain why
the degeneration of photoreceptors is more pronounced in the pcd
mouse (LaVail et al., 1982) as compared to in the Ttll3−/−mouse. A
possible conclusion is that the degree of hyperglutamylation
correlates with the severity of degeneration, similar to what has
been observed for the degeneration of different brain regions in pcd
mice (Rogowski et al., 2010). Alternatively, the absence of the
deglutamylase CCP1 could have a stronger functional impact
because this enzyme reverses the glutamylation generated by several
polyglutamylases, each of them having a distinct function in
photoreceptor cells. For example, the glutamylase TTLL5, which
has been found mutated in human retinopathies (Bedoni et al.,
2016), specifically modifies the X-linked protein RPGR. The
massive degeneration of photoreceptors in the Ttll5−/− mice was
shown to result from the absence of glutamylation of RPGR rather
than from aberrant tubulin glutamylation (Sun et al., 2016). In
contrast, glutamylation of RPGR is normal in the Ttll3−/− mice;
however, we cannot exclude that other, as yet unidentified,
substrates of TTLL3 contribute to the observed phenotypes.
Our study shows that mutation of a single glycylase gene, Ttll3, is
sufficient to induce slow retinal degeneration in mice, as revealed by
shortened connecting cilia (Karlstetter et al., 2014), a massive
activation of Müller glia, indicative of retinal stress (Honjo et al.,
2000; Iandiev et al., 2006), and a remarkable increase of
photoreceptor apoptosis. The degeneration could be related to a
partial dysfunction of the IFT in the connecting cilia, which is
considered a possible cause of retinal degeneration (Alfinito and
Townes-Anderson, 2002; Boubakri et al., 2016; Bujakowska et al.,
2015; Hollingsworth and Gross, 2012; Jiang et al., 2009). Indeed, a
number of photoreceptors showed abnormalities in rhodopsin
localization in retinas of old Ttll3−/− mice. The phenotype of the
Ttll3−/− mouse is of particular interest for the research on human
retina dysfunctions as (1) it represents an isolated phenotype (i.e. no
other organ dysfunction has so far been found in Ttll3−/− mice), and
(2) because it is a slow process, thus reproducing a number of human
eye diseases that lead to progressive, slow degeneration of the retina
(Veleri et al., 2015). The recent discovery of a CCP5 (also known as
AGBL5) as a candidate gene for retinitis pigmentosa in five patients
(Kastner et al., 2015) further underpins the emerging role of tubulin-
modifying enzymes as causative factors of retina disorders.
On the conceptual level, our work provides further evidence for
the role of tubulin glycylation and glutamylation in the fine-tuning
of MT functions. By comparing the Ttll3−/− and pcd (Ccp1−/−)
mouse models, we demonstrate that the degree of deregulation of
these PTMs correlates with the severity of the resulting retinal
degeneration. Our work thus demonstrates how alterations in
different tubulin-modifying enzymes can generate a range of
phenotypic alterations, from a slowly progressing degeneration of
the retina in Ttll3−/− mice to a massive retinal degeneration
accompanied by neurodegeneration and male infertility in pcdmice
(Kim et al., 2011; Mullen et al., 1976; Mullen and LaVail, 1975).
The demonstration that the functions of connecting cilia in
photoreceptors are, similar to motile cilia and flagella, dependent
on tubulin glycylation, further underlines the universal importance
of this specific PTM for different types of cilia in the mammalian
organism.
MATERIALS AND METHODS
Animal experimentation
Experiments were performed with C57BL/6 mice (Janvier-Europe) and
TTLL3 mutant mice obtained from European Mouse Mutant Archive
(EMMA; mouse strain B6;B6-Ttll3<tm1a(EUCOMM)Wtsi>/Wtsi). We
have previously excised exon 6 of the TTLL3 gene in this strain to obtain the
Ttll3−/− strain (Rocha et al., 2014). In order to reduce the number of animals
used in this study, wild-type and heterozygous TTLL3+/− strains were used
as controls after previous confirmation of the absence of any retinal
phenotype in aged TTLL3+/− mice.
The Purkinje cell degeneration ( pcd) mouse strain (BALB/cByJ-
Agtpbp1pcd-3J-J), bearing a spontaneous mutation (Agtpbp1pcd) in the
AGTPBP1 (CCP1) gene (Mullen et al., 1976), was obtained from the
Jackson Laboratory.
Animals were maintained with access to food and water ad libitum in a
colony room kept at constant temperature (19–22°C) and humidity (40–50%)
on a 12-h-light–12-h-dark cycle. Genotyping was performed by routine PCR
technique according to the EM05077 (https://www.infrafrontier.eu/sites/
infrafrontier.eu/files/upload/public/pdf/genotype_protocols/EM05077_geno.
pdf) EMMA protocol for TTLL3 mutant mice, and as previously described
for the pcd strain (Rogowski et al., 2010).
All experimental procedures were performed in strict accordance with the
guidelines of the European Community (86/609/EEC) and the French
National Committee (87/848) for care and use of laboratory animals.
Histology
Eyes from C57BL/6 and Ttll3−/− mice were fixed by incubation in 4%
paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 at 4°C. The eyes were
then embedded in paraffin and cut into 5-µm sections. For immunostaining,
the paraffin sections were deparaffinized in Xylene and boiled in a
microwave oven for two periods of 10 min in a citrate buffer (10 mM citric
acid, pH 6.0). Sections were incubated with primary antibodies in antibody
diluent (Dako) in a humidified chamber overnight at 4°C. Primary
antibodies used were GT335 (mouse anti-glutamylated tubulin; 1:1000;
AdipoGen AG-20B-0020-C100), TAP952 (mouse anti-monoglycylated
tubulin; 1:100; from Anne Aubusson-Fleury, CBM, Gif-sur-Yvette,
France), polyE (rabbit anti-polyglutamylation; 1:1000; Adipogen AG-
25B-0030-C050), C105 (rabbit anti-β-tubulin; 1:1000; from Jose Manuel
Andreu, Centro de Investigaciones Biológicas, Madrid, Spain), 20H5
(mouse anti-centrin; 1:100; Millipore AB04-1624), DM1A (mouse anti-α-
tubulin; 1:1000; Sigma T6199), mouse anti-Rhodopsin (1:2000; Abcam
ab3267), and rabbit anti-GFAP (1:500; Dako Z0334).
Sections were washed and incubated with a 1:200 dilution of secondary
Alexa Fluor 488-conjugated anti-mouse IgG2A (Invitrogen A21131), Alexa
Fluor 555 anti-rabbit (Invitrogen A31572), Alexa Fluor 633-conjugated
anti-mouse IgG1 (Invitrogen A21240), or Alexa Fluor 647-conjugated anti-
rabbit (Invitrogen A21244) antibodies in antibody diluent (Dako) in a
humidified chamber for 2 h at room temperature in the dark.
Apoptosis was probed in fixed retinas using the In Situ Cell Death
Detection Kit, TMR red (TUNEL assay; Roche, Mannheim, Germany)
according to the manufacturer’s instructions.
Fig. 5. Hyperglutamylation in pcdmice reproduces the Ttll3−/− phenotype.
Co-immunostaining of retina sections from control and pcd mice at postnatal
ages P19 (A) and P30 (B) with pan-centrin antibody (20H5; green), combined
with anti-PTM antibodies (red; glutamylation: GT335, polyglutamylation:
polyE, glycylation: TAP952) and tubulin (C105, DM1A; cyan). Nuclei are
visualized with DAPI (blue). While PTM levels are similar at P19, glutamylation
and polyglutamylation are increased in pcd retinas at P30, whereas glycylation
is strongly decreased (arrowheads). is, inner segment; os, outer segment; onl,
outer nuclear layer. Scale bar: 5 µm. (C) Zoom of boxed regions in B. (D) The
length of the connecting cilium was quantified on image stacks of whole-mount
retina preparations stained with anti-centrin (20H5), using the ObjectJ plugin
from ImageJ. Note that the length of the connecting cilia is reduced in retinas of
P30 pcd mice. Mean±s.e.m. of three different animals are shown. *P<0.05
(t-test).
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Sections were washed and counterstained with 1 µg/ml DAPI (Thermo
Scientific 62248) to visualize nuclei. The sections were mounted in
Fluorescent Mounting Medium (Dako) and stored at 4°C.
Microscopy
Confocal images were acquired using a Zeiss LSM 710 confocal microscope
with Zen software (Zeiss, Thornwood, NY). We used 40× (NA 1.3) and 63×
(NA 1.4) oil objectives. Individual channels were collected sequentially.
Laser lines for excitation were 405, 488, 555 and 633 nm, and emissions
were collected between 440–480, 505–550, 580–625 and 650–700 nm for
blue, green, red and far-red fluorescence, respectively. All experiments were
performed in triplicate, and all images were taken using the same laser
power, zoom factor, image averaging and resolution. Z-stacks were taken
with 0.35-μm steps and converted into single planes bymaximum projection
with ImageJ software (National Institutes of Health).
Images were mounted using ImageJ software (National Institutes of
Health), and false colours were used to merge images of multiple antibody
labelling. Only linear adjustments of colour intensity were performed.
Quantification of staining intensity for different tubulin-PTM
antibodies and determination of the length of connecting cilia
Whole-mount preparations of adult mouse retinas stained with different
antibodies specific to tubulin PTMs were used to quantify the abundance of
these PTMs at different developmental stages. Retinas stained with an anti-
centrin antibody (20H5) were used to measure the length of connecting cilia
(this antibody specifically labels the length of connecting cilia in
photoreceptors; Giessl et al., 2004; Trojan et al., 2008).
Confocal images were taken with Zeiss LSM 710. 16-bit images of
512×512 size were used for the determination of connecting-cilia length
with the ObjectJ plugin (Norbert Vischer and Stelian Nastase, University of
Amsterdam, Amsterdam, The Netherlands) in the ImageJ software (Bosch
Grau et al., 2013).
Square regions of interest (ROIs), including inner and outer segments of
photoreceptors were defined and the mean pixel intensity of staining in the
masked region was corrected by subtracting background pixel intensity. A
threshold of pixel intensity was set based on the comparison of staining
intensity of control. The same thresholdswere applied to each image analysed.
For each quantification, at least three sections from two to four retinas
were analysed, and at least 30 measurements were performed per data point.
Triplicate measurements were performed at each developmental stage. Data
in Figs 3 and 5D represent mean±s.e.m. values between three different
animals. Multiple comparisons were performed by Student’s t-test. P<0.05
was considered statistically significant.
Electrophoresis and immunoblotting
Retinas were dissected from mice and homogenized in 160 μl of P300 lysis
buffer (20 mM Na2HPO4 pH 7.0, 250 mM NaCl, 30 mM Na4P2O7, 0.1%
NP40, 5 mM EDTA and 5 mM DTT) per mouse. 40 µg of each protein
sample was loaded on 7% SDS-PAGE special gels to resolve α- and β-tubulin
bands (Magiera and Janke, 2013). Proteins were transferred onto nitrocellulose
membranes with the Trans-Blot® Turbo™ Transfer System (BioRad).
Membranes were washed in TBS containing 0.1% Tween 20 (TBS-T), and
subsequently incubated with 5% fat-free milk (60 min), primary antibody
(GT335, 1:6000; polyE, 1:8000; TAP952, 1:1000) in 2.5% fat-free milk in
TBS-T for 1 h (or overnight at 4°C for TAP952), and secondary horseradish
peroxidase (HRP)-labelled anti-mouse- or anti-rabbit-IgG antibodies
(1:10,000, GE Healthcare) for 45 min. After washing with TBS-T, immuno-
labelling was revealed with enhanced chemiluminescence (GE Healthcare).
In situ hybridization
Sense and antisense riboprobes were synthesized using a PCR-based in situ
hybridization technique as previously described (Suzuki et al., 2005; Young
et al., 1993). Briefly, PCR was performed with TTLL3 gene-specific
primers encompassing a T7 RNA polymerase-binding site. Purified PCR
products were used as templates for transcription reactions with a T7 primer
and T7 RNA polymerase to generate digoxigenin-conjugated sense and
antisense TTLL3 cRNAs.
Retina sections were deparaffinized by incubation in xylene, and
rehydrated through a graded series of alcohol solutions. Next, 150 ng of
sense or antisense cRNA probes were diluted in 150 μl of mRNA
hybridization medium (HIS hybridization solution, Dako, Trappes,
France) and incubated overnight at 55°C in a humidified chamber. After
three washes of 30 min at 60°Cwith 1× StringentWash Concentrate (Dako),
sections were incubated with 1:500 alkaline phosphatase-coupled anti-DIG
antibody in antibody diluent (Dako) for 1 h at room temperature. The
hybridization was then visualized with BCIP/NBT color development
substrate (5-bromo-4-chloro-3-indolyl-phosphate/nitro blue tetrazolium).
Stained tissue sections were mounted with Aquatex (PolyLabo, Strasbourg,
France).
RNA isolation and qRT-PCR
Total RNA was isolated from retinas at different postnatal delays (P0, P4,
5 weeks, 5 months and 12 months) with the RNeasy MICRO kit
(QIAGEN). Quality and concentration of total RNA was determined with
a Nanodrop Spectrophotometer (Thermo Fisher Scientific).
For qRT-PCR, cDNAwas synthesized with the SYBRGreen Master Mix
kit. PCR amplification was performed on an ABI Prism 7900 Sequence
Detection System (Perkin-Elmer Applied Biosystems, Foster City, CA) as
described in detail elsewhere (Bieche et al., 1999).
qRT-PCR was performed for all known murine TTLL and CCP genes, as
well as for the TBP gene (NM_013684) as an endogenous control. Primers
are listed in Table S1, and PCR conditions are available on request. The
relative mRNA expression levels of each gene, expressed as the N-fold
difference in target gene expression relative to the TBP gene, and termed
‘Ntarget’, was calculated as Ntarget=2ΔCt(sample). The value of the cycle
threshold (ΔCt) of a given samplewas determined by subtracting the average
Ct value of the target gene from the average Ct value of the TBP gene.
Histochemistry of retina sections
5-μm-thick paraffin-embedded sections of retinas were stained with
haematoxylin and eosin (H&E) according to the manufacturer’s protocol.
The slides were dehydrated and placed on a coverslip. Brightfield images
were captured with an ApoTome-equipped Axio Imager M2 microscope
and processed using AxioVision REL 7.8 software (Zeiss, Oberkochen,
Germany).
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Suryavanshi, S., Eddé, B., Fox, L. A., Guerrero, S., Hard, R., Hennessey, T.,
Kabi, A., Malison, D., Pennock, D., Sale, W. S. et al. (2010). Tubulin
glutamylation regulates ciliary motility by altering inner dynein arm activity. Curr.
Biol. 20, 435-440.
Suzuki, T., Akimoto, M., Mandai, M., Takahashi, M. and Yoshimura, N. (2005). A
newPCR-based approach for the preparation of RNA probe. J. Biochem. Biophys.
Methods 62, 251-258.
Tort, O., Tanco, S., Rocha, C., Bieche, I., Seixas, C., Bosc, C., Andrieux, A.,
Moutin, M.-J., Xavier Aviles, F., Lorenzo, J. et al. (2014). The cytosolic
carboxypeptidases CCP2 and CCP3 catalyze posttranslational removal of acidic
amino acids. Mol. Biol. Cell 25, 3017-3027.
Trojan, P., Krauss, N., Choe, H.-W., Giessl, A., Pulvermüller, A. andWolfrum, U.
(2008). Centrins in retinal photoreceptor cells: regulators in the connecting cilium.
Prog. Retin. Eye Res. 27, 237-259.
van Dijk, J., Rogowski, K., Miro, J., Lacroix, B., Eddé, B. and Janke, C. (2007). A
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Dziadosz, M., Janke, C., Dougan, S. T. and Gaertig, J. (2009). TTLL3 is a
tubulin glycine ligase that regulates the assembly of cilia. Dev. Cell 16, 867-876.
Wloga, D., Dave, D., Meagley, J., Rogowski, K., Jerka-Dziadosz, M. andGaertig,
J. (2010). Hyperglutamylation of tubulin can either stabilize or destabilize
microtubules in the same cell. Eukaryot. Cell 9, 184-193.
Wolff, A., de Nechaud, B., Chillet, D., Mazarguil, H., Desbruyeres, E., Audebert,
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